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I. SI Text 

1. Reaction-Path Modeling 

Equilibrium reaction path models were constructed to test the relative effects of precursor seawater 

chemistry on the Ca concentration of mid-ocean ridge hydrothermal fluids in the context of the 

charge-balance simplification presented in the main text (equation [1]). Geochemist's Workbench 

was used for the simulations (1) along with a 500 bar thermodynamic database that includes 

mineral solid-solution chemistry (2). Thermodynamic data for Mg-hydroxy-sulfate-hydrate 

(MHSH) was also included (3), and combined effects of anhydrite and MHSH precipitation were 

calibrated using additional experimental data (4, 5). However, MHSH proved to be unstable in the 

presence of silicates during preliminary models and was ultimately suppressed for simplicity in 

the final calculations.  
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Two main groups of simulations were conducted at four different temperatures ranging from 250 

to 400°C (Fig. S1). The first simulations use modern seawater and the others use average 

Cretaceous seawater, represented by NaCl balanced solutions with [Mg]:[Ca]:[SO4] of 53:10:28 

and 30:30:10, respectively (mmol/kg).  

In all scenarios, one kg of starting solution is heated to the initial temperature of interest (250-

400°C), which causes the precipitation of anhydrite until either Ca or SO4 is fully removed. The 

isothermal solution is then reacted with basalt by incrementally adding small amounts to the 

system. The bulk mineral assemblage of the basalt consists of: plagioclase (An75) : olivine (Fo80) 

: diopside : enstatite : hedenbergite : pyrrhotite, in the mass ratio 0.69 : 0.21 : 0.063 : 0.018 : 0.019 

: 0.003 (pyrrhotite was added as an appropriate source of reduced sulfur).  

The results of the simulations, along with data from modern hydrothermal vents, are plotted in Fig. 

S1. When seawater [Ca] < [SO4], as in modern systems, a second phase of anhydrite formation 

occurs as seawater Mg is exchanged for basaltic Ca. The cumulative amount of anhydrite 

precipitated is shown as dashed red lines. The simulations show that all of the sulfate is removed 

before dissolved Ca begins to increase in the fluids, in agreement with the two stages of anhydrite 

precipitation in our Sr-isotope model. 

After sulfate is removed and Mg has been fully replaced with basaltic Ca, the compositions of the 

fluids increasingly diverge with decreasing water/rock ratio (W/R < ~10), with differences 

depending largely on the phase equilibria for different temperatures. In both scenarios, the models 

predict that below ~350 °C, albitic plagioclase becomes increasingly stable with decreasing T, 

resulting in a small fraction of seawater Na being removed to accommodate additional dissolved 

Ca in the fluids. Above 350 °C, calcic plagioclase and amphibole are increasingly stable, drawing 

down Ca and increasing dissolved Na and Fe in the fluids (not shown). Generally, albitization 

drives [Ca] upwards at lower temperatures, and amphibole precipitation drives [Ca] downwards at 

higher temperatures, as corroborated by modern hydrothermal vent fluids (Fig. S1c). The dominant 

secondary silicates that form in all simulations are chlorite, tremolite, and secondary plagioclase 

solid solutions, along with small amounts of epidote when T < 400 °C. 

Despite the variability at different temperatures, we note that the average [Ca] values are 

approximately the same as for average modern vent fluids (~30-35 mM) (6, 7), which represent an 

integration of many different fluid flow-paths and temperatures. Model results between 300 and 
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400°C using modern seawater (Fig. S1a) agree with the concentration range of dissolved [Ca] in 

hydrothermal fluids sampled from the Mid-Atlantic Ridge, Juan de Fuca Ridge, and the East 

Pacific Rise (Fig. S1c), when normalized to seawater chlorinity to account for the effects of fluid 

phase separation (8). Generally, at higher water/rock ratios the reaction path for Ca is nearly 

independent of T because the removal of seawater Mg to hydrous alteration minerals is 

thermodynamically favorable at all conditions. 

When using Cretaceous seawater we notice two important differences (Fig. S1b), the first is that 

it comes into the system with much higher Ca (~20 mM) than modern seawater, which has not 

been titrated by prior anhydrite precipitation, and that the Ca concentration for all simulated 

temperatures is higher than for modern vents. This model serves to indicate that seawater calcium 

was more likely to persist through hydrothermal circulation at times of high seawater Ca/SO4 and 

low Mg/Ca, with conservative paleoseawater estimates suggesting average vent fluids contained 

up to ~40% seawater calcium (e.g. Fig. 2), instead of ~ 0% as is suggested by δ44Ca signatures in 

modern hydrothermal vents (9–11). The simulation results in Fig. S1 should also encompass 

reactions with more ultramafic lithologies because models run with lower primary plagioclase 

fractions (not shown) exhibit less T-dependent variability beyond the Mg titration stage. 

From the GWB simulations, we infer that the average composition of the fluids after full titration 

of seawater components is a good estimate of average modern high-temperature hydrothermal vent 

fluids when considering the natural range in compositions (Fig. S1c). In the modern ocean, the exit 

temperature of hydrothermal fluids is loosely correlated with the amount of dissolved [Ca]hyd, 

likely due to phase equilibria at different temperatures. The average [Sr]hyd we use in our model 

(~110 μM) is from a compilation of published values for hydrothermal vent fluids corrected for 

phase separation (Fig. S4).  

2. Charge-Balance Model 

Following the logic put forward in the main text (shown schematically in Fig. S2), the losses and 

gains of Sr are tied to the losses and gains of Ca. We define the variables in equations [4, 5] as 

follows: 

[Sr]Anh1 = 𝑅𝑎𝑛ℎ [
[SO4]SW if [Ca]SW >  [SO4]SW

[Ca]SW if [Ca]SW <  [SO4]SW
]     [S1] 
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The strontium lost during anhydrite-2 precipitation is a combination of seawater Sr ([Sr]anh2,sw)  

and Sr gained from the basalts. The total amount of Ca released from basalt (counter-balanced by 

a loss of seawater Mg) and captured as anhydrite-2 is defined: 

[Ca]Anh2 = [
0 if [Ca]SW >  [SO4]SW

{[SO4]SW − [Ca]SW} if [Ca]SW <  [SO4]SW
]     [S2] 

The amount of basaltic and seawater Sr in the fluids after each step of anhydrite-2 precipitation is 

calculated iteratively in 1-mmol increments of Ca (ΔCa) until sulfate is fully removed, from n = 0 

to n = [Ca]Anh2, such that: 

[𝑆𝑟]′𝑏𝑠𝑙𝑡(𝑛 + 1) = [𝑆𝑟]′𝑏𝑠𝑙𝑡(𝑛) + 𝛥𝐶𝑎𝑅𝑏𝑠𝑙𝑡 − 𝛥𝐶𝑎𝑅𝑎𝑛ℎ [
[𝑆𝑟]′𝑏𝑠𝑙𝑡(𝑛)+ 𝑅𝑏𝑠𝑙𝑡

[𝑆𝑟]′ 𝑠𝑤(𝑛)+[𝑆𝑟]′𝑏𝑠𝑙𝑡(𝑛)+𝑅𝑏𝑠𝑙𝑡
]  [S3] 

[𝑆𝑟]′𝑠𝑤(𝑛 + 1) =  [𝑆𝑟]′𝑠𝑤(𝑛) − 𝛥𝐶𝑎𝑅𝑎𝑛ℎ [
[𝑆𝑟]′𝑠𝑤(𝑛)

[𝑆𝑟]′𝑠𝑤(𝑛)+[𝑆𝑟]′𝑏𝑠𝑙𝑡(𝑛)+𝑅𝑏𝑠𝑙𝑡
]   [S4] 

Where [Sr]’bslt and [Sr]’sw are the amounts of basaltic and seawater Sr in the hydrothermal fluids 

after n steps of sulfate removal, respectively. [Sr]’bslt (n = 0) equals zero, and [Sr]’sw (n = 0) equals 

[Sr]sw – [Sr]anh1, which is the strontium left over after primary anhydrite precipitation.  

Therefore, the amount of seawater Sr lost to anhydrite-2 is: 

[𝑆𝑟]𝑎𝑛ℎ2,𝑠𝑤 =  [𝑆𝑟]𝑠𝑤 − [𝑆𝑟]𝑎𝑛ℎ1 − [𝑆𝑟]′𝑠𝑤(𝑛 = [𝐶𝑎]𝐴𝑛ℎ2)    [S5] 

And the overall amount of basaltic Sr gained by the fluids after anhydrite-2 formation is: 

[𝑆𝑟]𝑏𝑠𝑙𝑡1 =  [𝑆𝑟]′𝑏𝑠𝑙𝑡(𝑛 = [𝐶𝑎]𝐴𝑛ℎ2)        [S6] 

The effects of anhydrite-2 formation on the seawater and basaltic [Sr] in the fluids are depicted in 

Fig. S3. After complete removal of seawater sulfate as anhydrite, the remaining seawater Mg then 

exchanges with basaltic Ca, releasing a proportional amount of basaltic Sr such that: 

[𝑆𝑟]𝑏𝑠𝑙𝑡2 =  𝑅𝑏𝑠𝑙𝑡{[𝑀𝑔]𝑆𝑊 − [𝐶𝑎]𝑎𝑛ℎ2}       [S7] 

Further exchange is required to arrive at the average Sr isotopic composition for modern vents. 

We define the high-temperature Ca,Sr exchange: 

[𝑆𝑟]𝑒𝑥𝑐ℎ =  [𝐶𝑎]ℎ𝑦𝑑𝜃𝑒𝑥𝑐ℎ𝑅𝑏𝑠𝑙𝑡        [S8] 
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Where θexch is the fraction of total hydrothermal Ca that exchanges with basalt after the Mg-Ca 

charge balance has been satisfied. The value of θexch is calibrated from modern hydrothermal 

systems (θexch = 0.108) [e.g. ~11% of modern [Ca]hyd needs to exchange with basalt with 

stoichiometric Sr/Ca (Rbslt) to arrive at 87Sr/86Sr = 0.7037]. 

Previous iterations of our final model, which included models using i) different Sr/Ca ratios for 

anhydrite-1 and anhydrite-2, ii) variations in the high-T Ca,Sr exchange factor (θexch), and iii) 

variable Sr/Ca according to various distribution coeffecients (using GWB), yield the same results 

as our final model with only slight differences in the amplitude of the 87Sr/86Sr oscillations. 

3. Comments on hydrothermal reaction rates 

a. Ca,Sr Exchange Factor 

Hydrothermal fluid compositions could be further changed if paleoseawater chemistry also 

induced differences in chemical reaction rates during hydrothermal circulation. The model 

presented in the main text does not incorporate any potential differences in seawater-basalt 

exchange rates due to paleoseawater chemistry. However, it is unlikely that there are no changes 

to the kinetics of the discussed chemical reactions due to differences in the composition of 

seawater, especially at lower temperatures.  

Experimental studies of hydrothermal basalt alteration have shown that a large pH drop 

accompanies the precipitation of secondary Mg-OH minerals (13), and experimental and modeling 

work has shown that lower pH values can speed up basalt dissolution by several orders of 

magnitude (14), with small effects still predicted to persist at high temperatures (15). This implies 

that precipitation of Mg-OH minerals may serve to increase the exchange rates between seawater 

and basalt, and thus could have additional kinetic effects on the composition of hydrothermal 

fluids. A large pH drop especially accompanies the precipitation of MHSH phases (3, 5, 16), which 

are likely to be the metastable precursors of anhydrite-2, and this effect may have been completely 

absent in Paleoseawater with [Ca] > [SO4] (Figs. 2, S1, S2). 

If the removal of dissolved Mg from the hydrothermal fluid as it circulates through the system is 

responsible for acidifying the fluid (5, 13), then at times of low seawater [Mg], hydrothermal fluids 

might be less acidified and hence less reactive.  Any slowing of the reaction between basalt and 

hydrothermal fluid would enhance the likelihood of seawater Sr and Ca persisting through the 
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hydrothermal system and increase their presence in the fluid budget at the vents, which would 

increase the 87Sr/86Sr of exiting hydrothermal fluids. 

A first-order attempt at exploring the potential dependence of seawater-basalt exchange rates on 

seawater Mg concentrations is made by scaling θexch with [Mg]sw according to: 

𝜃(𝑡) = 𝜃(0) {
[𝑀𝑔]𝑠𝑤(𝑡)

[𝑀𝑔]𝑠𝑤(0)
}

𝑚

         [S9] 

This formulation allows us to vary the fluid-basalt exchange to assess its effect on the results.  Our 

base model in the main text is m = 0, and we evaluate the results for m up 3. In all of the cases 

where m ≠ 0, this factor serves to subtly increase the amount of recycled seawater Sr in 

hydrothermal output fluids by decreasing the seawater-basalt exchange, but would have much 

greater effects if θexch (calculated to be ~0.108 for modern) was larger. 

b. Dual Porosity Model 

To explore possible changes in reaction rates from another point of view, we construct a steady 

state dual-porosity model for hydrothermal fluids based on previous work (17). The parameters 

are set such that modern seawater exits the system with average vent fluid 87Sr/86Sr compositions. 

This allows us to then explore the effects of changing [Sr] and reaction rates (Fig S5). 

The dual-porosity model assumes steady state with no change in porosity (dissolution = 

precipitation rate), and represents flow through a fracture with chemical diffusion supplying 

basaltic components from the walls. The model applies well to hydrothermal Sr isotopic evolution 

in systems like MOR where circulation is dominated by fluid flow in fractures. The essential effect 

of fractures is that the extent of exchange depends on the amount of chemical communication 

between fractures and bulk matrix. The latter is determined by the ratio of diffusivity and the 

reaction rates in the inter-fracture rock matrix [parameter denoted as “R” by (17)].  

The dual-porosity model constructed has parameters set so that emergent fluids have 87Sr/86Sr = 

0.7037 when using modern seawater (other input parameters given in the figure caption). We then 

explore the effects of increasing [Sr] and reducing reaction rates in order to simulate potential 

differences resulting from changes in paleoseawater composition.  The modern case (position “A” 

on Fig. S5) is calculated assuming the initial fluid [Sr] is ~35 μM due to Sr removal associated 

with earlier anhydrite precipitation, consistent with our previous charge-balance calculations. The 
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parameters used then require that the reaction rate, R, be about 0.0003 yr-1 to match modern 

87Sr/86Sr output. The units mean that 0.03% of the rock mass dissolves (and reprecipitates as 

secondary minerals) each year.  

To evaluate the difference with paleoseawater, the model is modified so that the initial fluid has 

[Sr] of 285 μM in order to simulate higher seawater [Sr] and lower losses to anhydrite, as suggested 

by our Cretaceous charge-balance models. With higher levels of seawater [Sr] entering the reaction 

zone, the exiting fluid was calculated to increase to 55% seawater Sr, position “B” on figure S5, 

despite having the same reaction rate as the first simulation. When we additionally decreased the 

reaction rate by an arbitrary factor of three (0.0001 yr-1), the 87Sr/86Sr increased to 71% SW Sr, 

position “C” on figure S5. Contours for constant seawater Sr fractions in the exiting hydrothermal 

fluids for various reaction rates and [Sr] concentrations remaining after sulfate removal are also 

shown. 

The dual porosity model indicates that an arbitrary three-fold decrease in reaction rate relative to 

modern would result in a ~15-20% increase in seawater-derived Sr in the exiting fluids, with 

greater differences as seawater [Sr] increases (Fig. S5). From this model, we conclude that 

relatively small changes in reaction rates for hydrothermal exchange, associated with variable 

paleoseawater chemistry, would lead to fairly significant changes in the 87Sr/86Sr of hydrothermal 

fluids. However, reaction rate data for dissolution/precipitation of individual minerals and 

experimental work using modified seawater compositions will be necessary in order to construct 

a realistic model for MOR hydrothermal systems, which would ideally include reactive transport 

modeling and kinetic effects. 
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III. SI Figures S1-S5 

 

Fig. S1. Evolution of dissolved [Ca] in hydrothermal reaction-path models where 1 kg of basalt is 

incrementally added to 1 kg of (a) modern seawater and (b) estimated Cretaceous seawater. Individual 

curves represent independent isothermal simulations between 250 and 400 °C, cumulative milliequivalents 

of precipitated anhydrite are shown for reference (red dotted line, see text). 250 °C calculations (dashed) 

were truncated at fluid/rock = 2 (500 g basalt reacted). In (c) error on [Na] in seawater reference point (star) 

reflects general uncertainty in evaluating charge balance compensation with [Ca] in vent fluids due to the 

order of magnitude higher concentration. Vent fluid data are from various sources (2, 6, 18–38). 
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Fig. S2. Schematic for hydrothermal model, showing the four major steps discussed in the main text. 
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Fig. S3. Sr concentrations during precipitation of anhydrite-2 using modern seawater input values. Lines 

represent [Sr] in the evolving hydrothermal fluid: grey line is total [Sr], blue line is seawater [Sr], and red 

line is basaltic [Sr]. Initial Sr is equal to [Sr]SW – [Sr]anh1 (at n =0) and the number of steps (n) in the iterative 

calculation is equal to [Ca]anh2, according to equations [S3] through [S6]; In the modern case, [Ca]anh2 = 18. 
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Fig. S4. Histogram of end-member [Sr] values in deep-sea hydrothermal fluids, normalized to seawater 

chlorinity ([Cl]SW = 548 mmol/kg). Standard normalization (black bars) and a normalization accounting for 

partitioning due to phase separation (8) (red bars) are both presented. Data are from various sources (2, 

6, 18–41). 
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Fig. S5. Hydrothermal output 87Sr/86Sr compositions (as % seawater Sr, plotted as curves) as functions of 

reaction rate and seawater [Sr] remaining after full removal of seawater sulfate as anhydrite, calculated 

using a steady-state dual porosity model (17) described in the SI text. Vertical and horizontal bars 

demarcate modern [Sr], modern reaction rate (0.03% yr-1), estimated Cretaceous [Sr], and an arbitrarily 3x 

slower reaction rate (0.01% yr-1).  At “A” exiting fluid has ~18% seawater Sr. At “B” exiting fluid has ~55% 

seawater Sr, and at “C” exiting fluid has 71% seawater Sr; these represent hydrothermal fluid 87Sr/86Sr of 

0.7037, 0.7062, and 0.7073, respectively. Other parameters: fracture fluid velocity = 820 m/yr, fracture 

width = 5 cm, fracture spacing = 2 m, matrix porosity = 0.01. 

 

 

 

 

 


